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Abstract.

Stable water isotopes from polar ice cores are invaluable high-resolution climate proxy records. Recent studies have aimed
to improve knewledge-understanding of how the climate signal is stored in the stable water isotope record by addressing
the influence of post-depositional processes on the surface snow isotopic composition. In this study, the relationship be-

surface snow metamorphism and water
isotopes during precipitation-free periods is explored using measurements of snow specific surface area (SSA). Continuous

daily SSA measurements from the East Greenland Ice Core Project site (EastGRIP) situated in the accumulation zone of the
Greenland Ice Sheet during the summer seasons of 2017, 2018 and 2019, are used to develop an empirical decay model to

describe events of rapid decrease in SSA,

exchange—The-SSA-deeay-medelislinked to snow metamorphism. We find that SSA decay during precipitation-free periods at

—0.54¢

stadies-SSA(L) = (SSAg — 22) - e ! 4+ 22, and has a dependency on temperature and wind-speed.
The relationship between surface snow SSA and snow isotopic composition is primarily explored using Empirical Orthogonal

Function (EOF)-analy evearea-a-conerence-vetween-the-domnantmoae-ot-vartanceo A-and-d-excess-durine-periods—o
analysis. A coherence between SSA and d-excess is apparent
, suggesting that processes driving change in SSA also influence d-exeess-Ourfindings-highlichttheneed

of-individual-processes—on—the-snow-isotopic—composition—snow isotopic composition. In contrast, 2018 was characterised
by a covariance between SSA and %0 highlighting the inter-annual variability in surface regimes. Moreover, we observed
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changes in isotopic composition consistent with fractionation effects associated with sublimation and vapour diffusion durin
eriods of rapid decrease in SSA. Our findings support recent studies which provide evidence of isotopic fractionation durin

sublimation.

1 Introduction

The traditional interpretation of stable water isotopes in ice cores is based on the linear relationship between local tempera-

ture and first-orderfirst-order parameters & 180 and 6D of surface snow on ice sheets (Dansgaard 1964). Fhe-second-order

Accurate reconstruction requires consideration of precipitation intermittency (Casado et al., 2020; Laepple et al., 2018),

past variations in ice-sheet elevation (Vinther et al., 2009), sea ice extent (Faber et al., 2017; Sime et al., 2013), and firn
diffusion (Johnsen et al., 2000; Landais et al., 2006; Holme et al., 2018)—In-addition;recent-, which influence the water
isotopic composition in ice cores. The second-order parameter deuterium excess (d-excess) is defined by the deviation from the

near-linear relationship between 80 and §D which is driven by non-equilibrium (kinetic) fractionation (d-excess =

changes in moisture source region (Masson-Delmotte et al., 2005), and can be modified during snow crystal formation in
supersaturated clouds (Ciais and Jouzel, 1994; Sodemann et al., 2008).

Recent studies have documented isotopic composition change in the surface snow during precipitation-free periods (Steen-

Larsen et al., 2014; Ritter et al., 2016; Casado et al., 2018; Hughes et al., 2021), linked to synoptic variations in atmospheric

water vapour composition and subsequent sa

. Post-depositional processes at the surface involve additional kinetic effects adding complexity to the interpretation of d-excess
Hughes et al., 2021; Casado et al., 2021). Here we focus on processes influencing isotopic composition of the surface snow
after deposition while exposed to surface

After deposition, snow grains
undergo structural changes known as snow metamorphlsm which is active at the surface and at greater depths dependmg on

temperature (gradient) conditions

. Surface snow metamorphism is initially driven by a reduction in the snow-air interface to reach thermodynamic stabilit
Colbeck, 1980; Legagneux and Domine, 2005 ) The snow-air interface can be described by the w1dely used parameter SSA-

snow specific surface area
(Gallet et al., 2009), and can be

§D-8 - §180).

d-excess in ice cores is understood to reflect moisture source conditions (Dansgaard, 1964; Merlivat and Jouzel, 1979; Johnsen et al., 1989

exchange with the surface snow (Steen-Larsen et al., 2014; Ritter et al., 201

Colbeck, 1983; Pinzer and Schneebeli, 2009a
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used as a measure for snow metamorphism (Cabanes et al., 2002, 2003; Legagneux et al., 2002). In-this-stady-we-tuse-SSA-to

stals-have- ¢ ; 3 stals surfaee-Freshly deposited snow has a high SSA which
decreases with time under both isothermal (<10°Cm~") and temperature gradient (>10°Cm~!) conditions within the snow

Cabanes et al., 2002; Legagneux et al., 2004; Domine et al., 2007; Genthon et al., 2017). Decrease in SSA is predominantl

the result of Ostwald Ripening, where large grains grow at the cost of smaller grains (Lifshitz and Slyozov,1961; Legegneux et

2004), interstitial vapour diffusion (Flin and Brzoska, 2008; Sokratov and Golubev, 2009; Pinzer et al., 2012), and wind effects
Picard et al., 2019). Under natural conditions, SSA decrease is driven by a combination of these processes depending on
surface conditions (Cabanes et al., 2003; Pinzer and Schneebeli, 2009a), each potentially modifying the isotopic composition

of the snow (Ebner et al., 2017).
Models can provide a quantitative description of the-rapid-SSA decrease after preeipitationdeposition. Previous studies have

proposed SSA decay models using a combination of field measurements and controlled laboratory experiments (Cabanes et al.,
2002, 2003; Legagneux et al., 2003, 2004; Flanner and Zender, 2006; Taillandier et al., 2007). While-current-versions-of-the

ions-Exponential models
are documented to produce the best fit to in-situ SSA decay data (Cabanes et al., 2003). A subsequent physical-based model
was defined by Legagneux et al. (2003) to describe SSA decay based on grain growth theory, which was then further developed
by Flanner and Zender (2000), who defined parameters based on surface temperature, temperature gradient and snow density.

Existing SSA decay models have rarely been applied to polar ice sheet surface snow (Linow et al., 2012; Carmagnola et al., 2013)
. Conditions for surface snow on polar ice sheets such-as-Greenland-are-however-are not necessarlly comparable to other

alpine regt
Furthermore—the-and Arctic regions due to negligible melt and the high-latitude radiation budgetis—different-than—in-other
Ioi o

QW%H}WIMMWMWWMQSSA measurements exist from fhe+emete+eg+eﬂs

those from Greenland focus on the depth evolution of SSA (Carmagnola et al., 2013; Linow et al., 2012). Continuous datasets
of daily SSA and corresponding isotopic composition measurements from the accumulation zone of the Greenland Ice Sheet

ggpwcggglp/m understanding the relevance of snow metamorphlsm for ice-core-studies—In-particularstudiesof SSA-and
e-surface energy budget and for ice core studies. This-ts-beeatse

The latter is of particular interest owing to
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observations of isotopic fractionation during snow metamorphism documented in laboratory studies (Ebner et al., 2017) and
field experiments — Hughes et al., 2021; Wahl et al., 2021; Casado et al., 2021). Nonetheless, few studies

have focused on the direct relationship between physical snow properties, such as SSA, and post-depositional changes in

isotopic composition.

In this manuscript, the aim is to explore the behaviour of surface snow metamorphism on polar ice sheets using daily SSA

measurements ;-and-compare-from Northeast Greenland during summer, and to compare the change in physical properties to

the isotopic composition measurements. The primary focus is to document events where changes in SSA occur rapidly over a

duration-of-a-few-days—number of precipitation-free days, which we use as a proxy for snow metamorphism. Wefirstidentify

Events of rapid SSA

decrease (SSA decay events) are used to 1) quantify and model surface snow metamorphism in polar snow and, 2) assess
isotopic change during surface snow metamorphism —in-situ. The data presented here has the-petential-to-contribute-to-the
great value for our understanding of the influence of post-depositional processes on physical and isotopic changes in the polar
ice sheet surface snow. This allows for better-deeper understanding of snow properties at remote regions of polar ice sheets 5

and-contribates-and contributes to the interpretation of water isotopes in polar ice cores.

2 Study site and methods
2.1 EastGRIP site overview and meteorological data

All data used in this paper were-was collected as part of the Surface Program corresponding to the international deep ice

core drilling project at the East Greenland Ice Core Project site (EastGRIP 75.65°N, 35.99°W; 2,700 m.a.s.]) during summer

field seasons (May-AugustMay -August) of 2017, 2018 and 2019. The local accumulation rate is approximately 14 cmwater
equivalent per year (Schaller et al., 2017).

Meteorological data used for this study are from the Program for Monitoring of the Greenland Ice Sheet (PROMICE) Auto-
matic Weather Station set up by the Geological Survey of Denmark and Greenland (GEUS) at EastGRIP in 2016 (Fausto et al.,

2021). The data are 10-minute mean values for a number of variables. In addition to the surface variables, snow temperature
was measured using a thermistor string at 0.1m intervals during 2017 and 2018 but was modified to 1 m intervals in 2019,
An additional thermistor string was thus installed in May of 2019, from which we use the 0.1 m measurements. Relevant
weather variables for this study are surface temperature (calculated from longwave radiation down and longwave radiation
MWMMW%%M&Q&LMW weather conditions vary be-

tween sampling years, as outlined in Table 1 —Ins
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Figure 1. SSA-Sampling-Procedurea) A map of Greenland with a black star indicating the EastGRIP site (Source: Erie-Gaba—Wikimedia
Commons—user—StingVisitGreenland). b) A photograph of the clean snow area at the field site (Credit: Bruce Vaughn), with-black lines
indieating-indicate the SSA sampling transect with 10 m spacing shown as dashed lines. c¢) A photograph of SSA sampling cups (Credit:
Sonja Wahl), and d) an illustration of the sampling device from Klein (2014).

4:5ms—(Madsen-et-al-2049)-with prevailing westerly winds throughout the sampling seasons.

An Eddy-Covartanee-towereddy-covariance (EC) measurement tower was set up at EastGRIP in20+6-Therelevant-variable
measured-from-this system-is-for every summer observation period (Madsen et al.. 2019; Wahl et al., 2021). Here we use the
30-minute latent heat flux (EHFE)-which-is-direetly-determined-by-LE) measurements which are calculated from the measure-

ment of humidity fluxes between the surface and atmosphere. Positive EHFE-LE indicates upwards energy flux in the form

of sublimation in Table 1.
Jabilitv-Seeti .
Significant weather conditions such as ground fog, drifting snow and snowfall, were documented each day in the EastGRIP
field diary.
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Table 1. Weather statistics - 2017, 2018 and 2019. Mean and standard deviation for the-weather variables ssurface-during the three samplin,

seasons. Surface temperature, relative humidity with respeetreference to ice -wind-speed-and tatentheat-flux—Surface temperature-and-wind
speed are-from-the-use PROMICE weather station based on heurly-10-minute measurementsduring the-field-seasons-of 2047, 2048-and2649-

R R S A e e e e e e e e e s e e ==, Latent heat flux &+

taken-a 30-minute mean upwards flux from the E€-eddy-covariance towerdataset.

2017 2018
Instrument 06/05 - 05/08 04/05 - 07/08
Mean Mean Mean heightSurface Temperature (°C)  (Kipp and Zonen CNR1/CNR4 radiometer -145+£6.2 -15.76 £7.6
Relative Humidity (with-respeet-totee)(%%) (Calculated) 9695.8 & 15 9695.9 &+ 16
Wind Speed (ms™ ) (RM. Young 05103-5 £0.3ms ") 494202 42+19
Latent Heat Flux (WM +3-(IRGASON Campbell Scientific) 1.2844-42  ++13+£3943

2019
24/05 - 01
-10.6+5
94933 +
4541
26459

2.2 Snow sampling procedure and snow accumulation

Each summer season of 2017, 2018 and 2019 snow samples were taken once a day, primarily in the morning, from May to
August at 10 sampling sites;-eaeh-, Each site was marked by a stick, along a 90m transect with 10m spacing upwind of the
EastGRIP camp to ensure clean snow (Fig. 1b). The specific dates for each season are given in Table 1. The precise location
of each sample was marked by a small stick to ensure the adjacent snow is sampled the next day and to avoid sampling snow
from different depths. A 6cm diameter sampling device collected the top 2.5cm of surface snow (Fig. 1c¢). Snow density is
determined using the weight of each snow sample with a known volume. At-the-start-of-each-season;-sticks-Sticks were placed

at each site-and-snow-heightwas-determined-by-sampling site at the start of each season to measure snow height, that is, the
distance between the snow surface and top of the stick —Aceumulation-with a ruler with an uncertainty margin of +0.5cm.

Accumulation, used here to describe the change in snow height (cm), was calculated using the cumulative sum of the daily

difference between measurements of snow height from each site. The resultant datasets consist of 10 daily measurements of
three parameters, SSA, density and aceumulation,-overa92,106-and-66-day period-for-snow accumulation. The field season

for 2018 started on the Sth of May, 9-days earlier than 2017 -2048-and-(14th May), and 22 days earlier than 2019 respeetively-
27th May). The meteorological data is re-sampled to the SSA sampling time-periods to ensure consistent comparison.
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2.3 SSA measurements
2.4 Iee-Cube-ecalibration

Each snow sample is placed into the Ice Cube sampling container below an Infra-Red (IR) laser diode (1310nm), where the

SSA is calculated based on IR hemispherical reflectance, as explained in Gallet et al. (2009);-white-. More information on the

Ice Cube device can be found in Zuanon (2013). Eightpenetration-depth-The e-folding depth of 1310nm radiation in snow
Gallet et al., 2009). Thus

S a a - v, 5

of 200kgm—3 is approximately 1cm 5 e

as the mean snow density from all field seasons is 293 e SHOW stty s
2049 =kem 3 (307+£40 k m 3, 278 +47 kegm 3, 2945i:v5vQ\kgm*3 for 2017, 2018 and 2019), each measurement will
be heavily weighted towards the top <1 cm of the 2.5 cm sample. The light reflected from the snow samples is converted

into inter-hemispheric IR reflectance using a calibration curve based on methane absorption methods (Gallet et al., 2009).

A radiative-transfer model is used to retrieve SSA from inter-hemispherical IR reflectance. To avoid influence from solar
radiation, SSA was measured inside a ventitated-white-tent-white tent or in a snow cave kept at temperatures between -5°C
and -16-20 °C. SSA-measurements-have-We assume an uncertainty of 10%-fer-values-between5-136% for SSA measurements
between 5-130m?kg~! (Gallet et al., 2009).

2.4 Surface snow isotopes

restttingin-Individual SSA samples were put in separate bags and subsequently measured for water isotopic composition. Thus
every day the 10 daily-isetope-measurements-taking-SSA samples have a corresponding isotopic composition. The resultant
isotope value is the average composition over the top 252.5 mm-cm of snow. Each sample was seated-in-petyethylene-bagsto

avotd-any-atr-to-equilibrate-with-the snow-and-a he-isotopie-composition—All-samples-were-kept frozen during transporta-

#The samples were then analysed at Adfed-Alfred
Wegener Institute in Bremerhaven using a cavity ring-down spectroscopy instrument medel-(Picarro L-2120-i and L-2140-
i) following the protocol of Van Geldern and Barth (2012). This technique is—used-to-obtain—measurements—of-produces

5180 and 0D measurements with an uncertainty of 0.15%o and 0.8 %o respectively. d-excessis—ealeutated-by-the-equation
d—eweess=-0D—8—520-with-a—resultant_The calculated values for d-excess have an uncertainty of 1%o. Observing




180 2.5 Data analysis

2.6 Data-analyses

2.5.1 Defining SSA decay events

here-defined-as-the-Freshly deposited snow has a high SSA that slowly decreases through time due to snow metamorphism.

Based on this understanding, two terms are defined: 1) SSA increase indicating deposition events in the form of precipitation

drifted snow or surface hoar formation, and 2) SSA decay due to snow metamorphism and other post-depositional processes
such as wind-erosion, where the SSA decreases. Identification of such SSA decays in the time-series are required to quantif’
snow metamorphism and corresponding isotopic change during precipitation-free periods. Surface conditions are subsequentl

assessed to remove events where the
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to have experienced perturbation via deposition or erosion.

A threshold is derived to systematically identify periods of rapid SSA decay - hereafter referred to as SSA decay events -
over a two-day period which was found to be the most representative time step to capture SSA decay events for all sampling
years. SSA decay events captured by this threshold are defined by the peak SSA value (day-0), through to the next increase in

195 SSA (rather than decrease).

A set of criteria are required to reduce the potential of analysing SSA decay events with wind-perturbed surfaces. In
Antarctica, unconsolidated surface snow has been observed to drift at wind speeds as low as Sm?*kgs~! 2-daymeasured at
2m height (Birmnbaum et al., 2010). However, a study from north-east Greenland documented snowdrift starting at 6ms ™
(Christiansen, 2001), due to warmer temperatures facilitating bonding of the surface snow (Li and Pomeroy, 1997). Field-diary.

200  observations from EastGRIP document snowdrift when wind speeds exceeded 7ms ™. Hthe daily- mean-changes-overa-2-day

Based on this assessment, we define two wind-speed categories for comparison of the effects of wind-speed on SSA decay.
The first includes events with daily maximum wind-speed below 6ms~", hereafter referred to as low-wind events, with
205 negligible surface perturbation. Secondly, we consider events where the daily maximum wind-speed is between 6-7ms ',
hereafter referred to as the moderate-wind events. The inclusion of moderate-wind events facilitates an assessment of the
influence of wind-speed on SSA decay, while the threshold wind-speed for snowdrift based on temperature conditions from

Li and Pomeroy (1997) is used to ensure minimal chance of drift.

2.5.2 Modelling surface snow metamorphism

210 The first empirical SSA decay model, Eq.(1), was proposed by Cabanes et al. (2003) who described a temperature-dependent

exponential decay based on snow samples collected from the Alps (Cabanes et al., 2002) and Arctic Canada (Cabanes et al., 2003



. Legagneux et al. (2003) found Eq.(2) to best describe experimental SSA decay under controlled laboratory conditions.

SSAW = 554 ¢! 0

215 SSA() =B A-In(t + A1) @

Parameters A and B in Eq.(2) were found to be arbitrarily related to the decay rate and initial SSA of each sample. To improve
the physical basis of the model, the theory of Ostwald Ripening, describing grain growth driven by thermodynamic instability,
was implemented into the model (Legagneux et al.,, 2004). Eq. (3) has two parameters 7 and end-onn; 7 is the day-when
the-mean-SSA-measurements-inerease(rather-than-deerease)again—decay rate and n relates to theoretical grain growth. The

220  physical model was further developed by Flanner and Zender (2000) to incorporate a physical quantification of the parameters
including information about temperature, temperature gradient, and density. Based on these three conditions, they created a
look-up table for 7 and n._

SSA(t) = SSA -

3)

2.5.3 Meodellingsurfacesnow-metameorphism

225 Taillandier et al. (2007) proposed two equations based on Eq. (2) to define the decay rate under isothermal and temperature
radient conditions where they were able to directly incorporate a surface temperature parameter (1,,,).
ricald el A L buildi

SSA(t) = [0.659 - SSAg — 27.2 - (T}, — 2.03)] —[0.0961 - SSAg — 3.44 - (T}, — 1.90)]

0.659-SSAg —27.2- (T —2.03) )

. (t + e([O.OQGl-SSAO—3.44-(Tm—1.90)]

Building upon previous studies

230 —Fhismodetuses, we define an empirical SSA decay model using continuous daily SSA measurements from EastGRIP to de-
scribe the behaviour of surface snow SSA in polar summer conditions (Cabanes et al., 2002, 2003; Flanner and Zender, 2006; Legagneux e
: A recent study at EastGRIP has shown the significant heterogeneity in surface snow due to post-depositional reworking from
deereases-im-SSA-are-hereafter referred-to-as-deeays—

235 SSA(t) = SSAge




3 Results

240 3.1 EastGRIP meteorological conditions
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Figure 2. Time series of the ambient conditions during the sampling periods. Data covers the specific sampling periods each year. 10-minute

mean data from the AWS is presented for air temperature, wind-speed and relative humidity. Mean values (bold lines) are shown for air

temperature and relative humidity, while daily maximum is shown for wind-speed. Latent heat flux data are 30-minute averages from the

eddy-covariance tower, with the daily sum shown in bold. Snow accumulation is presented in the lower panel as the daily mean over the 10

sampling sites (see Section 2.2). Grey bars indicate the derived SSA decay events.

Meteorological variables over the three sampling seasons vary substantially as shown in Fig, 2. Air temperatures were below
-30°C between May Sth and May 8th in 2018. Such low temperatures were not recorded for 2017 and 2019. Moreover, when
comparing the period from May 27th to August Sth of each year (duration of 2019 season), 2018 air temperatures (-13.3°C

were still 0.5°C lower than 2017 and 3.2°C lower than 2019.

10
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The 2017 season was characterised by high wind intrusions of >13ms™~! areremeved—to—reduce—the—influenee—of-wind

Wﬁ%@%ﬁ%ﬂ%ﬁ&mmmm%
three sampling years, the average daily maximum wind speed is 7ms_". with 209 out of the total 237 sampling days having
maximum wind speed above Sms”". The distributions of daily maximum wind-speed compared to 10-minute mean values
are found in the Supplemental Fig. Al. Between the start and end of the 2017 field season, we observed net-accumulation of
4.81cm of snow over the 89-day season, compared to 9.30cm in 2018 and 8.58 cm in 2019, In addition, the total sum of LE
during 2019 was 30% greater than in 2018 indicating strong sublimation. Eddy-covariance LE measurements are supported by
LE from AWS observations which indicate the same magnitude of difference between the years.

4 Results
3.1 SSA-deeayevents

3.0.1 Spatial and temporal snow surface variabilit

Seasonal variability is observed in SSA, 0°°0 and d-excess throughout the field seasons of 2017, 2018 and 2019 (Fig3). with
highest daily spatial variability in isotopic composition. SSA is characterised by peaks, often corresponding to high spatial
variability, followed by gradual decreases over a number of days, the SSA decay feature which is most prominent during
2017 and corresponds to negligible or decreasing accumulation. High SSA values at the start of the 2018 season (daily mean
88m?kg 1) correspond to low and spatially homogeneous §'°O.

MWWW&FMWMMWWMMW
August following increasing temperatures. Note that the 2019 field season started approximately 15 days later than 2017 and
2018, resulting in a bias towards mid-summer conditions. Cases of abrupt decreases (-10%q) are observed in the late summer,
for example, on July 12th in 2018 and July 25th in 2019, which correspond to late-summer snowfall events. No clear seasonal
trend is observed in d-excess, but rather there are periods of gradual decrease in d-excess during periods with no accumulation
in all years. The most apparent is from May 15th to June 14th in 2017 corresponding to Ocm net-accumulation (Fig, 3). The
maximum daily spread in 9*°0 and d-excess is approximately 15%e. indicating strong surface heterogeneity.

11



Empirical Orthogonal Function (EOF

analysis is applied to the data to identify the dominant modes of variance in both the temporal and spatial dimensions for each
arameter - SSA, 6180 and d-excess. Using a confidence interval of 95% (p<0.05), the relationship between SSA and isotopic

composition is tested. The spatial and temporal principal components returned for each variable by the EOF are presented

280 in Fig. 3. During 2017, 2018 and 2019

Maximum-SSA-valuesfor2048-and-all variables have one dominant mode of variance, or principal component (PC1). PC1 of
SSA (PC1 explains 61 %, 77 % and 72 % of variance for the respective years, PC1 of §'80 (PCl 15 explains 69 %, 83 %
and 75 % of the total variance respectively, while PC1 of d-excess (PC1 explains 47 %, 51 % and 60 %.

Results from the EOF analysis reveals distinct differences between the sampling years, most prevalent is the opposin,
regime from 2018 to 2019. During 2018, PCl51s and PCl1 -0.6)

285 . have an inverse correlation in the spatial dimension (r=

rLD9O 105

b G

geo 5 9

< 30 o &

(Vp] =
()]

~ 20 -

X

mlo_w\www

()

>

3 97

©

PC1

s %WN\M Al jAﬂM W, MK

-2.5
6 «, 6 «, 6 6 «, 6 «, 6 x x <> x 6 x
AT ,0651,0"0 1,01'X %,cs"'x %,06’0%96” %,0"6%,01” %s‘b’c q,cﬁ"Q q,oﬁ’x 991,0 q91> g,o%’o
A A S 4P B B T T B 8 Y B S S S 18>
Date

Figure 3. SSA—Timeseries 2047 2048—and—2049Time-series of SSA a(blue)26+7, bd180
samplesfromlower panel. Bands in the 96-m-upper three panels show spatial standard deviation between the 10 sampling transeet-while sites.
The secondary y-axis in the betd-tine-top panel shows the daity-mean—vatuesaverage snow accumulation. Gaps-in-the-timeseriesrepresent

missing-data—Grey-The grey bars hghhgh&mdlcate the ﬁeﬁedfref—deereaseﬁmSSA deﬁﬁeébyﬂae%hfeshe}dﬂlgeﬁmmeaehyeaf—&*
deerease-decay eventss

12



and a significant positive correlation between PCls1: and PC1 in the temporal dimension (p<0.05, r=0.5) (Fig. A2 and

Fig. A3). In contrast, data from 2019 are 92characterised by significant positive correlations between PClssa and of PClyys in
both the spatial (pm2<ke='-ard-820.05, rmi=ke—respeetively,while-during-0.75) and temporal dimensions (r=0.3, p>0.05),
while no relationship is observed between PClsiso and PClyys. During 2017there-are-onty-two-instanees-of datly-mean-SSA

290 beingabeve 60, there is a weak positive correlation the temporal component of PClggy and PClyys (pm?<ke=1-0.05,r=0.3),
and the temporal PCls1so and PClyxs (p<0.03, r=0.4). There is an apparent shift after July 15th where PClyy transitions
from co-varying with PCl150 to co-varying with PClgsa. Figure A2 and Fig, A3 in the supplement illustrate the spatial and
temporal components of the EOF results.

295 3.1 SSA decay events

3.1.1 Observations

In agreement with Eq. (1), we observe a relatlonshlp between initial SSA and subsequent magnitude of decrease —Fo—test

s-when evaluating the SSA decay events (Fig 3). From the
ears 2017, 2018 and 2019 a total of 21 events are identified that fulfill the SSA decay criteria (as defined in Section 2.5.1).
irice —E2 etc (Table A).

300 These events are named El,

Prior to analysis, we assess the meteorological
conditions and field observations to remove SSA decay events with potentially perturbed surface snow. This includes all events

305 coinciding with observations of ground fog, snowdrift, and snowfall, and events where the wind-speed exceeds the thresholds
defined in Section 3- i i i 2.5.1.
Out of 21 events captured by the SSA decay event threshold, 15 are influenced by either snowdrift, snowfall, or ground fog.
according to field diary observations, or high wind-speeds (maximum wind-speed > “€the-mean SSA-of the final day is-around
307ms ! El0and E11=5.1ms!

310 category. Both E10 and E11 had consistent clear sky conditions. Note that E11 was preceded by significant ground fog, not
snowfall, indicating that the peak value of 46m*kg™" ionship-is-observe

between-the-was likely the result of surface hoar, and thus, rapid SSA decay follows an SSA peak not caused by precipitation.
fe8d62 8da0ch

The rate of SSA decay is

315  strongly influenced by the initial SSA during the decay period £2-=6-4)(Fig. 4), sugge&mg%mnhe rate of change is
proportional to the absolute value, as described by an exponential decay law (r=-0.71 and r=-0.91 for low- and moderate-wind
events respectively). The mean air temperature for all SSA decay events was between -17.3°C and -7°C. The first day of

. Of the remaining 6 events, two are in the low-wind categor: and 4 in the moderate-wind
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325

330

each event is characterised by the largest change in SSA, followed by a decrease in magnitude over the subsequent days, with
negligible change in SSA below 22m?kg—!.

[ ' —a ]
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o L --- E19 |
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< - E11
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(¥)] |
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ASSA = -0.66:SSA + 19.6 !
—40 + 0
ASSA = -0.41:SSA + 9.2 .
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Figure 4. Linear regressions for change in SSA against the SSA for the low-wind (light-blue) and moderate-wind (dark-blue) SSA deca

events (a) considering all individual samples. The observed SSA decays are shown for the moderate-wind events (b), and the low wind events

¢), followed by the modelled SSA decays for the respective events in d) and ¢). The legend in d) and e) corresponds to SSA decay event

3.1.1 Model

SSA decay rate is quantified by plotting the rate of change in SSA per day against the absolute SSA value for all 10 sampling
sites for al-low- and moderate-wind events (Fig. 4a). We observe a linear relationship between the rate-of-change in SSA

Construeting-the-The SSA decay model for EastGRIP is based-en-constructed using the differential equation for the linear
relationship between ASSA and absolute SSAwhich-is-defined-as-Eg—(2?)—. Solving the differential with respect to time (t),
produces the SSA decay model defined as Eq. (5), which follows the equation structure frem-of Eq. (1).

A
455 SSA(t) = —0.54(SSAg — 22) - e~ " +14.6922

At~ r

o)
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335

340

345

350

355

360

365

SSA(t) = (SSAy — 26.8) e 251 1 26.8

Where SSA(t) is the SSA measurement at a given time in days since the first measurement (initial SSA), SSA is the initial
SSA value, and-0-54m2ke—Lday—1q is the decay ratefe: A2,
constant-the-value 26.8, and a decay constant of 22m? kg ! is defined by-for both equations by the minimum SSA value where

A ad-on-eme al-4 Pa am—KE RID Crannland
a

an m h o ooe no-n
c c O c O c . O

lope of the linear regressions in Fig. 4, a-b

15



RMSE-of-6:-17day_!) than for low-wind SSA decay events (-0.41 m?kg~for2019-comparedto4-97day ). Within the

temperature range of low- and moderate-wind SSA decay events from this study, there is no observable temperature dependence

of the SSA decay rate. However, such a temperature dependence is clear in events which were excluded due to potential surface

perturbations, where there is a decrease in decay rate and increase in the background SSA value with low temperatures (Fig.
370 A4). Our results indicate a slower rate of decay under decreased wind-speed conditions.

3.1.2 Model performance
Table 2. RMSE values for model evaluation. This Study uses the respective « for the low- and moderate-wind events for daily (mean) and

individual samples. FZ06 parameters 7 and n are defined from the look-up table in Flanner and Zender (2006). TO7 uses the mean surface
temperature for each event as an input parameter.

~  Low-wind Moderate-wind
~  Mean  Individual ~ Mean  Individual
o S s, S S v S
Ezo6 . 646 690 10 852
TO7, 583 ed0. 0 s 64 |

Model performance is tested by comparing daily predicted decrease to the 10 daily observations, and by comparing model
predictions from this study to those from Flanner and Zender (2006) hereafter referred to as FZ06, and the model defined by
Taillandier et al. (2007), hereafter T07, as defined in Section 2.5.2. Residuals between our model and the observations are

375 normally distributed, suggesting no systematic errors in model predictions. The root mean squared error (RMSE) between

our model predictions and observed mean SSA is 2.48 m*kg=1-and-4-72"! and 2.60m?kg~! for 2647-and 26148 respeetively-

ammnea = oceo—whle—fa alde emperatyre
&5 O O1C P 3

380
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and n_in FZ06 are defined for each event based on mean density, surface temperature and temperature gradient using the
extensive look-up table referenced in Flanner and Zender (2006). FZ06 consistently overestimates the SSA decay rate, with
390  residuals increasing throughout the events (See Fig. A5). T07 is able to accurately predict the moderate-wind events, with
largest errors associated with E1, the event featuring the lowest temperatures and highest wind-speeds. which has relatively
lowest temperatures and highest wind-speeds. However, for low-wind events TO7 consistently underestimates the SSA decay.

rate. RMSE values presented in Table A-

395

decay with the least error, for both wind-speed categories.
3.2 Isotopic change during SSA decay events
3.2.1 Low- and moderate-wind event analysis

405 3.2.2 Surfaeesnow-spatial-variability

throughoutthe-field-seasons-of 2017,2048-and-EOF analysis in Section 3.0.1 indicates a relationship between SSA and isotopic
composition, most pronounced in 2019. i iti nents—Fi tal-variabitity-th
With the understanding that decreasing SSA for low- and moderate-wind events is the result of snow metamorphism of an
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Figure 5. Fimeseries-of snow-isotopes-and-SSATimeseries-of-6 > O~a)lsotopic changes during all the analysed events are shown, d-exeess
d-excess and 26+9-sampling-seasons—d)-shows-SSA over the pﬁﬂerp}eeempeﬁeﬂffrﬁrst 2- days of each parameter-with-colors-corresponding
-event is shown in the-x-axis-—Each-faded-tine-represents
individuat-sample-site-vatuesb), and the thiektine-isrespective changes in d-excess are plotted against the daity-mean—Grey-shaded-regions
indieate-periods-of high-spatial-variability-absolute d-excess values in isetopiecompesitionc). Linear regressions are included for daily

change (orange) and 2-day change (grey).

unperturbed snow surface, we can now document concurrent isotopic changes in the snow. For both low- and moderate-wind
events, rate of change in d-excess is plotted against the rate of change in SSA (Fig. 22¢)-

60%ter20+7change in d-excess after the second day (referred to as a 2-day change 29+8~aﬂd%9+9fespeeﬁvelry~llel—ef—é—9
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Table 3. Table of spow-parameters-during-isotopic change for decay eventsare-defined. The-initialMean values on day-0 and day-2 of each
event, 2-day-and percentage change over a-this 2-day period are presented for § 180, d-exeess-d-excess and SSA. AH-Low-wind events used

(<-30°€hold texy) isremovedand moderate-wind events are

presented.

E20 2227
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455

460

465

470

Both §'®6-inereasing-after-O and d-excess change from
the initial value (day-0) in all events, with the percentage change in d-excess being the same order of magnitude as for SSA, and
an order of magnitude higher than that of §'°0. Three out of six events are characterised by increasing §'*0 and decreasing
d-excess after 2-daysbut-mostly-timited-to+4-+%o-mean-inerease;with-the-exeeption-of E17-, E1, E13 and E2+-in2619(See
Fable-3)E19 deviate from this pattern. E13 and E19 both correspond to total increase in 9'°0 and d-excess. whereas E11 is
MMMWMMWWWWW %%hafaefeﬁ%eébwgmﬁe&%gmmd%g

SS%deefeases—by%efweeﬂ%O -0.3 %-and-53%o. 4 of 6 events (61% of all sample sites) experience a decrease in d-excess b

day-2. The mean is shifted to -1.2%
F4%o over a 2-day period with decreases in d-excess documented in 45 out of the 60 samples (75%) during precipitation-free

eriods with minimal surface perturbation. Initial d-excess is observed to have a significant influence on the magnitude of

d-excess decrease over the defined period (Fig. 5¢), with high initial d-excess corresponding to the largest decreases in d-excess.

3.2.2 Low-wind event analysis

e Event10 e Event10 e Event10
e Eventll e Eventll e Eventll
a) " + + b) + + C) 1 1 1 1
[ ]
¢ L.
— 27 2+ .0 )
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Figure 6. Isotopic change analysis for low-wind events, E10 and E11. Panel a) shows daily change in d-excess against change in 650 for

E10 and E11, b) shows change in d-excess against change in SSA, and ¢) shows change in §'20 and change in SSA. The r- and p-value for

each regression are indicating in the corresponding colours. Only significant linear regressions are indicated with a line.
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Figure 7. LE and temperature gradients for low-wind events. Latent heat flux (LE) (grey), air-surface temperature gradient (TG) (red) and
surface-10cm subsurface TG (red) during June 2018. E10 (blue) and E11 (red) are highlighted. Dark grey shading in LE indicates sublimation

and light grey shows deposition.

The following section focuses on latent heat fluxes and near-surface temperature gradients corresponding to isotopic change
during low-wind events only. This is to ensure that surface layer we are analysing is constant throughout the event to avoid
inaccurate interpretation of isotopic change. As mentioned in Section 3.1, ground fog preceded the SSA peak in E11, concurrent
with negligible accumulation recorded. In contrast, almost 1 model-Using-a-significance lev

of-0-:0+;cm of snow was accumulated during the day prior to E10, corresponding to observation of snowfall.
Figure 6 shows the relationship between change-in-d-excess-after-the-second-day-ofeach-event-the daily change in isotopic

composition for E10 and E11 (Ad—e*eess—}%m&ehm%geﬂﬁ—SSA—eveﬁth&sam&Hmeﬁeﬁefkd excess and Ad'%0) and SSA
(ASSA)i . During E10, significant inverse correlations are

observed between Ad 180 and Ad-excess, and between ASSA and Ad-excess r%ﬂeﬁm
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490

+5-0-44+2-5The direction of vapour fluxes are inferred using temperature gradients determined from air, surface and subsurface
(10%ofornon-eventperiods;compared-to—-0-4+2cm depth) temperature data, and LE, measured as an upwards flux. Net-sublimation
495 is observed during both E10 and E11, with a total sum of 33.9%fer-events—alone—Similarly—for-SSA;nen-events—daily

change1s-0:04Wm? ™2 and 55.8ke—'compared-to—7-7Wm2_2 for the respective events. LE is inversely related to the
temperature gradient (TG) between the air and the surface, with strong sublimation (>ke—1fer-events—SSA-decayevents

500
TG of 2.5°C between the air and surface on June 10th. A concurrent upwards vapour flux is observed between the subsurface
and surface, most apparent on June 11th (Day-2 of E10).

505

change-in-SSA-also-influence d-exeess-Wm ™! are documented each night corresponding to the transition from a negative to
positive TG between the air and surface. Net-deposition was recorded between sampling on 9th June at 15:18 UTC and 10th
June 10:40 UTC (first day of E10) corresponding to a decrease in §'°0 and d-excess. The subsequent day, characterised by net

510  sublimation, had a large increase in §'°0 and a larger decrease in d-excess. Contrary to E10, E11 is characterised by a large
decrease in d-excess and a small decrease in §%0, both concurrent with net-sublimation and strong negative surface-subsurface
TG, The air-surface TG during E11 has a lower mean and reduced diurnal amplitude than E10 facilitating sublimation for a
longer period.

4 Discussion

515 Continuous daily SSA measurements at EastGRIP have-enabled-during the summer season of 2017, 2018 and 2019 have
allowed for quantification of variations in snow physical properties due to preeipitation-deposition and snow metamorphismduring

summer. Understanding the relationship between rapid decreases in SSA and corresponding change in isotopic composition

require clearly defined events and environmental context. Using a multi-day-SSA-deerease-threshold,21-events-are-defined
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criteria, six SSA decay events during precipitation-free periods are defined and used to construct an empirical decay model
with the decay rate tuned for low and moderate wind-speeds. We firstly discuss the behaviour of SSA decay at EastGRIP and
compare to existing models. The isotopic change associated with low-wind SSA decay events is then considered, in the context

525 of sublimation, interstitial diffusion and wind effects (Ebner et al., 2017; Hughes et al., 2021). Results from EOF analysis are
used in combination with the isotopic change during SSA decay.
4.1 Deeaymodel-developments
4.1 SSA decay at EastGRIP
530
agree-with-previous—studies;that-SSA-deecayis-most-aceurately-Events of rapid SSA decay at EastGRIP are best described by
an exponential funetion{(Cabanes-et-al;2002);,-and-indieates-that-the-erystal structure-of anew-snew-layeris-akey-drivero
535 ity)—decay function, in agreement with observations from

Cabanes et al. (2003). No cold events (< -20°C) are captured within the event criteria, potentially indicating 1) a need for
warmer temperatures to induce such change in SSA over the time-period, or 2) that the local synopticity favours precipitation
coincident with low temperature and high winds during the summer. Within this framework, the events captured by the

threshold with mean temperatures below -20°C are likely capturing wind-erosion, exposing sub-surface snow with lower
540 SSA. ton— i

545

The narrow temperature range of SSA decay events does not facilitate a conclusive definition of a temperature-dependent
decay rate (Cabanes et al., 2003; Legagneux et al., 2003; Flanner and Zender, 2006

550 the influence of wind-speed on the SSA decay rate and observe a more rapid SSA decay with increased wind-speed, which can
be explained by increased ventilation of saturated pore air acting as a catalyst for snow metamorphism (Cabanes et al., 2003; Flanner and Ze

~

: Taillandier et al., 2007). We instead assess
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Unsurprisingly, given the parameters are fit to the data, the model defined in the study predicts SSA decay for the low- and
moderate-wind events with the lowest RMSE. The decay model from this-study-(+>=6:-89) compared-te-Taillandier et al. (2007)_

555 (TO7temperatare-gradientmetamorphism-modeHr2=-0.9)—
The-top—) performed well. performed well for the moderate-wind events, but underestimated the rate of decay for the

560

observed-inE7—The similarity—inpredietionfor—25m > (Taillandier et al., 2007), compared to a mean density of 266°€
565 Lo Okg C suggests the LastGl :

study. The tendency for TO7 to underestimate the SSA decay seems counter-intuitive given the possibility of aged snow in our
570 study, which would plausibly be expected to experience SSA decay at a slower rate that fresh snow (Domine et al., 2007). In

contrast, the model 1

A

i i from Flanner and Zender (2006) (FZ06) consistently overestimates the observed SSA
decay rate, most pronounced in E10 and E18. The original parameter values 7 and n were tuned to data from alpine regions
575 potentially explaining the poor fit.

4.2 Deeaymodel-applieations

580

snow-microstructure-and-surface-albedo-The simple empirical model presented here is limited to conditions at EastGRIP within
585 a narrow temperature range and therefore is likely to be unsuitable for sites with different conditions. However, large errors
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590

595

600

605

610

615

when using the models from the literature indicate that the low-latitude tuning is not optimal for predicting surface snow SSA
decay at EastGRIP,

4.2 Isotopic change during SSA decay events

4.2.1 Low-wind events
4.3 Rapid-SSA-deeay-and-d-exeess

Three key mechanisms are expected to drive the rapid SSA decays, 1) large grains growing at the expense of small grains

Legagneux et al., 2004; Flanner and Zender, 2006), 2) diffusion of interstitial water vapour (Colbeck, 1983; Ebner et al., 2017; Touzeau et

2

3) sublimation reducing the dendricity of snow grains which is intensified by wind ventilating the saturated pore air, known as

of the change in isotopic composition - indicating the fractionation effect - and the LE and temperature gradient data to
determine the direction of flux.

sublimation—results—in-In theory, mechanism 1) causes minimal change in the bulk isotopic composition of a snow layer
under isothermal conditions (Ebner et al., 2017). During no SSA decay events did the snow isotopic composition remain

consistent. In the case of 2 ht isotopes are preferentially diffused, while the heavy isotopes will be

referentially deposited onto the cold snow grains (Colbeck, 1983; Ebner et al., 2017; Touzeau et al., 2016). Thus, diffusion
of water vapour in the pore space causes a decrease in d-excess and slight increases in 6180 and-deereases—in—d-exeess

Madcen-e 0190: Huchec e 021- Wahl e 0 [ owreve blimation s ot-the-onlv—Process——o -

interstitial diffusion, li

sublimation, is widely documented

kinetie-due to kinetic fractionation (Flanner and Zender, 2006). Similarl

mechanism 3)

2

to cause an increase in 920 of the remaining snow-mass due to isotopic fractionation, and a significant decrease in d-excess
expected to be due to kinetic fractionation (Ritter et al., 2016; Madsen et al., 2019; Hughes et al., 2021; Wahl et al., 2021; Casado et al., 20
. Conclusively identifying these mechanisms requires water vapour isotopes to model the fractionation is-expeeted-to-inflaenee

f S$18) ha a ne onation—inAuence
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ehange-in-SSA-effects. In the absence of this data, we infer potential explanations for isotopic change during the low-wind
events.

An overall increase in §'%0 and decrease in d-excess during E10 is likely attributed to a combination of 2) and 3) based on
observation of net-sublimation and high amplitude diurnal temperature gradient variability, indicating vapour transport within

the pore space. The period between 9th June at 15:18 UTC and 10th June 10:40 UTC had net deposition corresponding to an
overall decrease in 9'°0 during the first ' is-wi it tonshi i

d-excess. An increase in snow 620 would be expected during deposition (Stenni et al., 2016; Feher et al., 2021; Casado et al., 2021

however, disequilibrium between water vapour isotopic composition and snow isotopic composition may explain the decrease
in 6180 (Wahl et al., 2021).

throughout June 2018 (Fig. 7), with no clear relationship to total LE or temperature gradients. Strong diurnal surface and

subsurface temperature gradients during the low-wind events can explain rapid SSA decay havesignificantly-differentdistribution

han—the b o nd-non-event—f on Owr—fnrdine a—1n sreement—with d orm—AR whieh howed

isotope-fhax—meodelsto-accounttor-the(Pinzer et al., 2012). We conclude that SSA of the surface snow is strongly influenced

by surface-subsurface TG while the changes in isotopic composition are likely to be influenced by other factors such as the
2014; Hughes et al., 2021; Wahl et al.,

nge-interstitial

magnitude of vapour-snow isotopic disequilibrium during sublimation (Steen-Larsen et al. 2021)

2

. Decoupling the influence of sublimation and
diffusion within the snow requires additional measurements of isotopic composition of atmospheric water vapour to model

associated fractionation effects (Wahl et al., 2021). Our results suggest that while processes driving SSA decay (snow metamorphism)
do modify the isotopic composition of the surface snow, interstitial diffusion has a disproportionate effect on SSA decay.

4.2.1 Inter-annual variabilit

The recurring difference in snow characteristics and temperature conditions during 2019 compared to 2017 and 2018 could
be explained by the shifting phase of the North Atlantic Oscillation (NAQ) which is in positive phase during 2018 and
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660

665

670

675

680

685

2017 (below-average temperatures), and negative phase during 2019. A similar pattern is observed in the snow isotopes

when considering the period between 27th May to 1st August where the mean §'30 values during 2019 was -27.3m2ke—1)

%0 higher than 2018 (Fig-31.6%o
and 3.6%o higher than 2017 (-30.9%¢). While the difference in mean 58O can plausibly be explained by a 3.2°C mean air
temperature difference, the isotope-SSA covariance is not so straightforward. 22)—This-ebservation—combined-with-results

The positive mode of PCl1
and-SSA-are-muted—During-the-start-of 2017-and-2048-gg4 _can be interpreted as increases in SSA from depositional events

such as precipitation, surface hoar formation, and wind-fragmented snowdrift (Domine et al., 2009), while the negative mode is

associated with snow metamorphism or wind-erosion (Cabanes et al., 2002, 2003; Legagneux et al., 2003, 2004; Taillandier et al.,

2007; F



controlling SSA variability also influence the isotopic composition.
We observe a decoupling of the temporal variance in d-excess from that of 9'°0 (Fig. 3) in 2019 which is can be attributed to
690 the d-excess signal being more sensitive to kinetic effects during sublimation and grain growth between pore air water vapour
and the snow grains (Ebner et al., 2017; Casado et al., 2021).

43 Imolicat . . .

Ongoing work to decouple the processes driving change in isotopic composition - sublimation from surface or interstitial vapour

diffusion between layers in the pore space - is vital for precise climate reconstruction in ice cores (Touzeau et al., 2018; Hughes et al., 2021;
695 . Future studies would benefit from obtaining direct measurements of the isotopic composition of precipitation and surface hoar,

to determine the fraction of such deposits in the SSA samples. Furthermore, a quantitative representation of vapour fluxes in

the surface snow rather than the temperature-gradient based approximation used in this study would provide a basis from which

to quantify the relative influence of fractionation during sublimation and interstitial diffusion.

4.3 Implications and perspectives

700 Documented changes in snow isotopic composition during surface snow metamorphism have potential implications for inter-

pretation of stable water isotope records from ice cores, given that the current interpretation assumes the precipitation signal is

705

d-excess in ice core records are attributed to changes in source region, source region conditions and kinetic fractionation
occurring during snow crystal formation in supersaturated clouds (Stenni et al., 2010; Jouzel and Merlivat, 1984). However,
710 we show that there are substantial changes in d-excess during precipitation-free periods supporting recent work showing that
post-depositional factors add complexity to the traditional interpretation of ice core water isotope records. Greenland ice core
d-excess records show abrupt decreases in d-excess corresponding to warming transitions, which is attributed to the-insotation

Vimeux-etal520041999)—change in moisture source regions (Steffensen et al., 2008). Results presented in our study doc-
715 ument decreases in snow d-exeess—d-excess during surface snow metamorphism associated with temperature gradients and
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of this exploratory study reiterate the importance of quantifying the isotopic fractionation effects associated with processes
driving snow metamorphism during precipitation-free periods. Moreover, the inter-annual variability observed at EastGRIP

between 2018 and 2019 suggests that precipitation intermittency and temperature (gradients) play a role in isotopic change

which is not readily identified in the surface snow SSA data.

5 Conclusions

This study addresses the rapid SSA decay driven by surface snow metamorphism. In particular, the study aims to explore how
rapid SSA decay relates to changes in isotopic composition of the surface snow in the dry accumulation zone of the Greenland
Ice Sheet. Ten individual snow samples were collected on-a-daily-basis-daily over a 90m transect at EastGRIP in the period

between May and August of 2017, 2018 and 2019. SSA and isotopic composition were measured for each sample. Periods of
snow metamorphism after preeipitation-events-are-deposition events were defined using SSA measurements to extract periods

of rapid decreases in SSA.

An exponential SSA decay model (SSA{#={S5A—26:8}e="54 1+ 26855 A(t) = (SSAg — 22) - et 4 22) was

constructed to describe surface snow metamorphism tnder-mean-in summer conditions for polar snow, with surface temper-

atures between—25above -20°C and Owith minimal surface perturbation. Two event categories were defined based on wind
speed, with an upper threshold of 7°C-and-wind-speeds-below-6+ ~The empirical model can be-applied-to remote-area

snowdrift. Wind speed is observed to increase surface SSA decay rate showing that snow metamorphism is enhanced with

increased ventilation.

We-observe-changes-Changes in isotopic composition corresponding to post-depositional processes driving rapid-SSA-deeay
SSA decay are observed in all low- and moderate-wind events. A decrease in d-excess from day-0 to day-2 is observed in 4
out of the 6 events with no precipitation. Prinei § i Lk

composition-coneurrently-Over-thefirst 2-days-ofrapid-Further analysis of low-wind SSA decay events ;-d-exeess-is-observed
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vapour diffusion and diurnal LE variability causes isotopic fractionation of the surface snow in the absence of precipitation.

755 The differing fractionation effects are expected to be the result of vapour-snow isotopic disequilibrium. A strong correlation

observed between SSA and d-excess found in 2019 was not present for 2018. We suggest that this is due to strong sublimation
corresponding to high temperatures during 2019.

In summary, our results suggest-support documentation of fractionation during sublimation and deposition between the

snow surface and atmosphere, indicating that the precipitation isotopic composition signal is not always preserved due—to

760 isetepicfractionation-during the processes driving surface snow metamorphism. Observations of post-depositional decrease in

d-exeess-d-excess during rapid SSA decay hints to local processes influencing the d-exeess-d-excess signal and therefore an

interpretation as source region signal is-implausiblealone is insufficient.
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Appendix A

Table Al. SSA-Peeay-Event-ConditionsDescription of conditions for SSA decays captured by decrease threshold. Duration and conditions for
all 21 events defined by the threshold. “nitial-Conditions™refers-to-Observations were made of snowfall, snowdrift and ground fog. Presented

here are the conditions during the day (-24h) before-the-preceding each event (Initial conditions), white"Event-Conditions—deseribes-the
duration—(Sky conditions) and observations of surface perturbations (Comments). based on

dominant conditions fer-throughout the event

field observations.

anv—sientfiean a

Date Event No.  Surface Temperature-temp. (°C)  Initial Cenditionsconditions  Event-Conditions-Sky conditions
2017 27/05 - 6+31/66-05 El -17.3 No clear driver Clear-sky
19/06 - 24/06 E2 -13.6 Snowfall Clear-sky
30/06 - 02/07 E3 -14.0 Snowfall Overcast
10/07 - 15/07 E4 -13.2 Snowfall Clear-sky
18/07 - 19/07 ES -11.7 Snowfall Overcast
21/07 - 23/07 E6 -11.2 Snowfall Overcast
2018 07/05 - 10/05 E7 -33.7 Drift and fog Clear/ice-fog
14/05 - 15/05 E8 -19.8 Snowfall Clear-sky
16/05 - 18/05 E9 -21.5 Snowfall and fog Overcast
09/06 - 11/06 E10 -14.9 Ground-fog-Snowfall Overcast
27/06 - 29/06 El1 -15.3 Ground fog Clear-sky
30/06 - 03/07 E12 -11.2 Wind drifted snow Clear-sky
04/07 - 06/07 E13 -10.2 Snowfall Clear-sky
16/07 - 21/07 El4 -14.3 No clear driver Clear-sky
23/07 - 27/07 E15 -14.1 Ground fog Clear-sky
2019 17/06 - 20/06 E16 -11.4 Snowfall Clear-sky
27/06 - 30/06 E17 -9.5 No clear driver Overcast
02/07 - 05/07 E18 -7.0 Snowfall Overcast
06/07 - 08/07 E19 -10.0 No clear driver Clear-sky
18/07 - 20/07 E20 -7.6 Ground fog Overcast
28/07 - 31/07 E21 -6.5 No clear driver Clear-sky

31



770

775

780

8000
7000
6000
5000
4000

No. of Values
No. of Values

3000
2000
1000

WS (ms~1) WS (ms1)

Figure Al. Wind-speed Distribution

Histograms showing a) the daily maximum values and b) the 10-minute mean values for all sampling days of 2017, 2018 and 2019. The

black line indicates the mean.
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Figure A2. Results from the EOF analysis showing the relationship between SSA, d-excess and §'®0 in the spatial dimension, Linear
regressions are included in plots with significant correlations (p<0.05) between variables.
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